
DRY CATALYTIC L 

F.J 

QUEFACTION OF A SUBBITUMINOUS COAL: STRUCTURAL INFERENCES 

Oerbyshire. M.-T. Te r re r ,  A. Davis and R. L i n  

Col lege o f  Ea r th  and M ine ra l  Sciences 
The Pennsylvania S t a t e  U n i v e r s i t y  

U n i v e r s i t y  Park, PA 16802 

The c a t a l y t i c  l i q u e f a c t i o n  o f  a subbituminous coa l  has been s tud ied  i n  the 
absence o f  s o l v e n t  us ing  an impregnated s u l f i d e d  No c a t a l y s t .  
conducted f o r  va r ious  t imes a t  temperatures f rom 300-400°C. The y i e l d  and 
composit ion o f  gaseous products ,  ch lo ro fo rm-so lub le  l i q u i d s  and i n s o l u b l e  res idue  
were fo l l owed  as a f u n c t i o n  o f  t he  r e a c t i o n  cond i t i ons ,  us ing  a number o f  
techniques. 

The l i q u e f a c t i o n  process was d i v i d e d  i n t o  two d i s t i n c t  regimes t y p i f i e d  by low 
and h i g h  l i q u i d  y i e l d s  ( <  ca. 10% and > ca. 20%, r e s p e c t i v e l y ) .  
pa ren t  coal, a t  low y i e l d s  ( r e a l i z e d  a t  300"C), t he re  was l i t t l e  p roduc t i on  o f  C1-Ck 
hydrocarbons, a sharp i nc rease  i n  t h e  a l i p h a t i c  hydrogen content  o f  t he  l i q u i d s  and 
l i t t l e  change i n  the oxygen f u n c t i o n a l i t y  o f  t h e  l i q u i d s  and res idue.  

o f  t he  l i q u i d s  was reduced concomitant w i t h  an i nc rease  i n  asphaltene content .  
oxygen f u n c t i o n a l i t y  o f  t h e  l i q u i d s  and res idue  a l s o  decreased. 

res idue  have been f u r t h e r  i n v e s t i g a t e d  by pe t rog raph ic  ana lys i s  and by measurements 
o f  s w e l l i n g  i n  p y r i d i n e .  
network s t r u c t u r e  i n v o l v e s  hdyrogen-bonded cross l i nkages .  

Reactions were 

Compared t o  the 

A t  h igh y i e l d s ,  C l - C Q  p roduc t i on  increased and the  a l i p h a t i c  hydrogen content  
The 

Associated changes i n  the  s t r u c t u r e  and composi t ion o f  t he  ch lo ro fo rm- inso lub le  

The i m p l i c a t i o n s  are t h a t  a l a r g e  p r o p o r t i o n  o f  the coal  

INTRODUCTION 

I n  e a r l i e r  p u b l i c a t i o n s ,  r e s u l t s  were presented t o  descr ibe the  a p p l i c a t i o n  o f  
l ow-seve r i t y  c a t a l y t i c  hydrogenat ion i n  the absence o f  added v e h i c l e  f o r  p r o v i d i n g  
i n fo rma t ion  on coal  s t r u c t u r e  and l i q u e f a c t i o n  mechanisms (1-3) .  I n  a l l  of these 
s tud ies  the coa ls  were impregnated w i t h  a molybdenum d i s u l p h i d e  c a t a l y s t  a t  a 
l oad ing  of 1% w t  Mo (dmmf c o a l )  and reacted a t  temperatures o f  400°C and less,  where 
c rack ing  and condensat ion reac t i ons  w i l l  be minimized. 

Although the e x c l u s i o n  o f  s o l v e n t  undoubtedly c rea tes  some disadvantages (e.9. 
i n  f a c i l i t a t i n g  c a t a l y s t  d i s p e r s i o n  and e l i m i n a t i n g  a source o f  donatable hydrogen) 
and does n o t  d i r e c t l y  r e l a t e  t o  l i q u e f a c t i o n  processing, t h e  p a s t  research has shown 
t h a t  t h i s  technique o f f e r s  c e r t a i n  b e n e f i t s .  
in format ion i s  s i m p l i f i e d  i n  the  absence of s o l v e n t  and changes i n  the  phys i ca l  
p r o p e r t i e s  o f  t he  m o d i f i e d  coa ls  and i n s o l u b l e  res idues can be measured d i r e c t l y .  

The research d iscussed i n  t h i s  paper descr ibes the  r e s u l t s  o f  a s tudy o f  t h e  
l ow-seve r i t y  c a t a l y t i c  hydrogenat ion o f  a s i n g l e  subbituminous coal  a t  temperatures 
from 300-4OO0C. 
were fo l lowed as a f u n c t i o n  o f  r e a c t i o n  t ime a t  d i f f e r e n t  temperatures, us ing  
severa l  a n a l y t i c a l  and o t h e r  techniques. The p r i n c i p a l  o b j e c t i v e s  were t o  p rov ide  
i n s i g h t  i n t o  t h e  two-component coal  s t r u c t u r a l  model and the  composi t ional  changes 
associated w i t h  l i q u e f a c t i o n .  

The d e r i v a t i o n  o f  fundamental 

The y i e l d  and composi t ion o f  gaseous. l i q u i d  and s o l i d  products  
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EXPERIMENTAL 

Coal p r e p a r a t i o n  

The subbituminous coa l  was ob ta ined from the  Penn S t a t e  Coal Sample Bank. 
Proper t ies  o f  the  coa l  a re  shown i n  Table 1. 

The coal  samples were crushed t o  -60 mesh (250 microns) i n  a g love  box i n  
f low ing  n i t r o g e n  and w i t h o u t  d ry ing ,  and were subsequent ly s t o r e d  under n i t r o g e n  i n  
sealed v i a l s .  

The coal  was impregnated w i t h  molybdenum t o  a l o a d i n g  o f  1% w t  Mo (dmmf) us ing  
an aqueous s o l u t i o n  o f  a water -so lub le  molybdenum s a l t .  I n  o rder  t o  i n t r o d u c e  the  
c a t a l y s t  i n  i t s  most a c t i v e  form (MoS,) (4,5), an aqueous s o l u t i o n  o f  ammonium 
heptamolybdate, (NH4)6M07024.4H20 was used t o  produce t h e  t h i o s a l  t, (NH4),MoS4, by 
r e a c t i o n  w i t h  H,S. 
procedure has been p r e v i o u s l y  descr ibed i n  d e t a i l  (1). 

Hydrogenation r e a c t i o n  

Hydrogenation r e a c t i o n s  were performed i n  ba tch  t u b i n g  bomb r e a c t o r s  ( 6 ) .  
Experiments were conducted a t  temperatures between 300°C and 400°C f o r  residence 
t imes between 5 and 180 min. 
impregnated coal  and 0.02 cm3 o f  CS, t o  ensure t h a t  t h e  molybdenum was maintained i n  
the  f u l l y  sulphided form. 
hydrogen ( c o l d ) .  
sandbath heater  which r a p i d l y  r a i s e d  t h e  r e a c t o r  conten ts  t o  t h e  d e s i r e d  
temperature. 
a displacement o f  2.5 cm a t  a frequency o f  200 min-1. 
per iod ,  the  r e a c t o r  was removed from t h e  sandbath and quenched i n  water.  

evacuated expansion b u l b  o f  known volume. 
chromatrography t o  determine the  y i e l d s  o f  CO, CO, and C1-C4 hydrocarbons. 

ceramic th imb le  w i t h  ch lo ro fo rm and e x t r a c t e d  o v e r n i g h t  i n  a Soxh le t  apparatus. 
e x t r a c t  was f i l t e r e d  and the  recovered s o l i d s  were added t o  those i n  t h e  Soxh le t  
th imble.  The s o l v e n t  was removed from the  f i l t r a t e  and the  t o t a l  r e s i d u e  by 
evapora t ion  under reduced pressure.  
vacuum and t h e  r e s i d u e  f o r  12 h under the  same c o n d i t i o n s .  The exper imental  
r e p r o d u c i b i l i t y  f o r  conversion t o  gases and s o l u b l e  e x t r a c t  was found t o  be 23%. 

hexane-insol ub les  (asphal tenes) .  

Product analyses 

The l i q u i d  products were analyzed f o r  elemental  composi t ion,  by l H  NMR 
spectroscopy (deutera ted  ch lo ro fo rm so lvent ;  t r i m e t h y l s i l a n e  i n t e r n a l  re fe rence) ,  
and by F o u r i e r  t rans form i n f r a r e d  spectroscopy (FTIR). 

a c e t i c  anhydr ide p r i o r  t o  FTIR a n a l y s i s  i n  o r d e r  t o  f o l l o w  the  changes i n  
concent ra t ion  of -OH groups ( 7 ) .  

descr ibed by L i o t t a  e t  a l .  (8). 

The t h i o s a l t  decomposes t o  fo rm MoS, upon m i l d  heat ing .  The 

The bombs were loaded w i t h  approximately 3.5-4.5 g o f  

A f t e r  f l u s h i n g ,  t h e  r e a c t o r s  were p r e s s u r i z e d  t o  7MPa o f  
The r e a c t o r s  were heated by immersion i n  a preheated f l u i d i z e d  

A g i t a t i o n  was provided by v e r t i c a l  o s c i l l a t i o n  o f  t h e  r e a c t o r  through 
A t  the  end o f  t h e  r e a c t i o n  

The gaseous products were c o l l e c t e d  by v e n t i n g  a t  room temperature i n t o  a n  
Gas samples were analyzed by gas 

The r e a c t i o n  products remaining i n  the  bomb were r i n s e d  i n t o  a p r e - d r i e d  
The 

The e x t r a c t  was d r i e d  f o r  3 h a t  100°C i n  

The ch lo ro fo rm-so lub les  were f u r t h e r  separated i n t o  hexane-solubles ( o i l s )  and 

The ch lo ro fo rm- inso lub le  res idues  were f i r s t  d e r i v a t i z e d  by r e a c t i o n  with 

The s w e l l i n g  o f  the  res idues  i n  p y r i d i n e  was examined us ing  the  procedure 
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O p t i c a l  microscopy 

have been used t o  f o l l o w  the processes i n v o l v e d  i n  the  h y d r o l i q u e f a c t i o n  o f  va r ious  
ranks o f  c o a l ,  i n c l u d i n g  subbituminous (9, lO). 
r e a c t i o n  has been moni tored by such features as t h e  p ropor t i ons  o f  undissolved 
macerals and the p roduc t i on  of  i n s o l u b l e  in termediates.  
l i q u e f a c t i o n  res idues ( b o t h  unext racted and ch lo ro fo rm- inso lub le )  were embedded i n  
an epoxy r e s i n  and po l i shed .  
r e f l e c t e d - l i g h t  microscope under o i l  immersion a t  a m a g n i f i c a t i o n  o f  400. 
Point -count  analyses were performed o n l y  on the  ch lo ro fo rm- inso lub le  res idues a t  a 
m a g n i f i c a t i o n  o f  625; 500 p o i n t s  were counted f o r  each ana lys i s .  

h i g h - r e f l e c t i n g  v i t r o p l a s t .  

The techniques o f  m ic roscop ic  examinat ion and pet rographic  po in t - coun t  a n a l y s i s  

I n  p a r t i c u l a r ,  t h e  e f f i c i e n c y  o f  

I n  t h i s  study, t he  

Examination was undertaken w i t h  a p o l a r i z i n g  

Mean r e f l e c t a n c e  de te rm ina t ions  were performed on humin i te  ( v i t r i n i t e )  and 

RESULTS AN0 DISCUSSION 

Product  y i e l d  

The e f f e c t s  o f  r e a c t i o n  temperature and res idence t ime on the  y i e l d  o f  
ch loroform-solub les produced by d r y  c a t a l y t i c  hydrogenation i s  shown i n  F igu re  1. 

The e x t r a c t  y i e l d s  i nc reased  w i t h  i nc reas ing  res idence t ime and r e a c t i o n  
temperature. A t  300"C, t h e  p roduc t i on  o f  ch loroform-solub les was low, and even 
a f t e r  extended r e a c t i o n  t h e  y i e l d  was n o t  much h ighe r  than t h a t  obta ined by Soxhlet  
e x t r a c t i o n  o f  t he  pa ren t  coal  (4.4% dmmf). 
c a t a l y t i c  and n o n c a t a l y t i c  r e a c t i o n s  showed t h a t  t he  presence of the c a t a l y s t  d i d  
n o t  s i g n i f i c a n t l y  a f f e c t  t he  l i q u i d  y i e l d .  

min a t  400°C the e x t r a c t  y i e l d  was about 65%. Taken toge the r  w i t h  t h e  gas y i e l d  
t h i s  means t h a t  a lmost  80% o f  the  coal was conver ted t o  gaseous and s o l u b l e  l i q u i d  
products  under these m i l d  r e a c t i o n  cond i t i ons .  
hydrocarbons a t  l ow  e x t r a c t  y i e l d s  ( <  IO%), i n d i c a t i n g  t h a t  t he re  was r e l a t i v e l y  
l i t t l e  crack ing a t  300'C. 
conversions. 

Composit ion o f  l i q u i d s  

A t  low l i q u i d  y i e l d s  ( <  l o % ) ,  t he re  was a sharp increase i n  the hydrogen 
con ten t  and the  H/C atomic r a t i o  o f  t he  ch loroform-solub les compared t o  t h a t  o f  t h e  
pa ren t  coal  e x t r a c t ,  F i g u r e  2. 
changes i n  the  o i l  t o  asphal tene r a t i o .  The r a t i o  increased from a va lue  o f  0.8 i n  
t h e  pa ren t  coal  e x t r a c t  t o  8.0 a t  a y i e l d  of about 10% be fo re  f a l l i n g  t o  ca. 1.0 a t  
y i e l d s  above 20%. 

Analyses o f  the l i q u i d s  by 1H NMR showed t h a t  the i n i t i a l  r i s e  i n  hydrogen 
con ten t  was due t o  the  presence o f  polymethylene chains.  The l i b e r a t i o n  o f  l o n g  
c h a i n  alkanes on l i q u e f a c t i o n  and p y r o l y s i s  has been observed by o t h e r  workers 

A t  t h i s  temperature, a comparison of 

Higher y i e l d s  o f  e x t r a c t  p roduc t i on  were measured a t  350 and 400'C. A f t e r  180 

There was l i t t l e  p roduc t i on  o f  l i g h t  

The y i e l d s  o f  these gases increased a t  h ighe r  

I t  was a l s o  found t h a t  t he re  were corresponding 

(11-13). 

A t  conversions g r e a t e r  than 20% ( 1  i q u i d  y i e l d )  the a l i p h a t i c  hydrogen content  

E v i d e n t l y  t he re  i s  a sharp demarcation between the events which take p lace  a t  

was reduced from about 10.5% t o  6.5%. 

l o w  and a t  h igh  convers ions.  
c o a l  s t r u c t u r e ,  i t  can be argued t h a t ,  f o r  t he  coal  s tud ied  here, the observed 

I n  t h e  c o n t e x t  of t h e  mobi le  phase/network concept o f  
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boundary represents the limit of the mobile phase, beyond which the additional 
products derive from the substantial breakdown of the network. 

Composition and swelling behavior of residues 

( <  IO%), there was little change in the absorption bands attributed to the 
derivatized -OH groups. 
disappearance of -OH groups with increasing conversion. 

chloroform-soluble liquids is shown in Fig. 3 .  
extract composition in going from low to high conversion (as seen by the results of 
elemental analysis, 1H NMR and oil/asphaltene ratio) the swelling ratio increased 
sharply at low conversion, passed through a maximum and fell to much lower values at 
conversions greater than 20%. Duplicate experiments confirmed that these data were 
reproducible. 

appreciable change in the OH content compared to that of the parent coal. 
substantial removal of functional groups would be expected to reduce the extent of 
hydrogen bonding and lower the swelling ratio. 

the removal of polar groups and the progressive reduction in the concentration of 
vitrinite in the residue. 

Petrographic analysis of residues 

Analyses of the acetylated residues by FTIR showed that, at low conversions 

Above, about 20% liquid yield, there was a rapid 

The change in the swelling ratio of the residues with conversion to 
In parallel with the changes in 

At low conversions, the FTIR analyses showed that there did not appear to be an 
The 

At higher conversions, two factors probably contribute to the reduced swelling, 

The products from the hydrogenation experiments contained the following organic 
unreacted huminite (vitrinite) macerals, unreacted liptinite petrographic entities: 

macerals, unreacted inertinite macerals, low-reflecting vitroplast, and 
high-reflecting vitroplast. Vitroplast is a pitch-like isotropic material which is 
derived either directly from the melting of vitrinite and other macerals, mainly 
from coals of bituminous rank, or from the liquid products of dissolution. 
Lor-reflecting vitroplast was observed to have been formed within disintegrating 
huminite after hydrogenation for 5 min at 400°C. Such material was observed only in 
the unextracted whole products and is believed to be part of the extractable liquid 
products; it was no longer present in the residues of chloroform extraction prepared 
for petrographic point-count analysis. However, certain of these latter residues 
did contain high-reflecting vitroplast; this material is thought to have been 
rendered less soluble as a result of thermal treatment. 

Table 2 gives the results of the point-count analyses on the chloroform- 
insoluble residues. It shows that with increasing severity of reaction conditions, 
liptinite disappears, huminite decreases substantially, inertinite shows an overall 
increase, and the high-reflecting vitroplast, which appears when the reaction 
temperature reaches 4OO0C, also increases. 
explanation for the change in swelling characteristics o f  the residues illustrated 
in Fio. 3 .  
shown'by the huminite and huminite-derived fraction; it assumes that the inertinite 
is non-swelling and that the huminite structure in unaltered. This theoretical 
curve indicates that for the milder conditions (up to 400°C; 5 min), the swelling of 
the humitic materials remains high. Only where this material becomes more highly 
reflecting (Table 2) does the swelling show a substantial decrease (continuous line, 
Fig. 3 ) .  
depleted in polar side groups and it is this paucity of crosslinks which results in 
a lowering of the swelling properties. 
residues from the more severe treatment conditions have been progressively a1 tered, 
as shown by their reflectances (Fig. 4). 

These results suggest a partial 

The dotted line in this figure represents the swelling which would be 

Such residue components together with the inertinite are though to be 

Further, the unreacted huminites in the 

Consequently, oxygen-containing functional 
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groups would have been g r a d u a l l y  e l i m i n a t e d  from the  h u m i n i t e  s t r u c t u r e  as a r e s u l t  
o f  the  r e a c t i o n ,  as supported by t h e  FTIR spec t ra  o f  t h e  residues. 

SUMMARY 

The r e s u l t s  o f  t h i s  research have shown t h a t  two regimes o f  l i q u e f a c t i o n  can be 

A t  l o w  convers ion  (about  10%) l i q u i d s  and gases a r e  apparent ly  l i b e r a t e d  e i t h e r  

d is t ingu ished.  

through t h e  r e l e a s e  of  p h y s i c a l l y  t rapped m a t e r i a l s  o r  through the  r u p t u r e  o f  weak 
l inakges .  
e x t r a c t a b l e  l i q u i d s  a r e  h i g h l y  p a r a f f i n i c .  There was no s i g n i f i c a n t  change i n  the  
concent ra t ion  o f  f u n c t i o n a l  groups i n  t h e  ch lo ro fo rm- inso lub le  products.  

Only smal l  q u a n t i t i e s  o f  C I - C ~  hydrocarbons a r e  produced and the  

A t  h i g h e r  conversions (>  20%), t h e r e  were severa l  n o t a b l e  changes i n  t h e  
composi t ion and p r o p e r t i e s  o f  the  ch lo ro fo rm-so lub le  l i q u i d s  and t h e . i n s o l u b l e  
residues and an i n c r e a s e  i n  the  produc t ion  of h i g h e r  hydrocarbon gases. I t  i s  
considered t h a t  t h e  1 i o u i d s  produced a t  h i g h  c o n w r s i o n s  were s u b s t a n t i a l l y  der ived  
f rom the  coa l  network and t h a t  t h e  abrupt  change i n  p r o p e r t i e s  between low and h igh  
y i e l d s  i s  r e p r e s e n t a t i v e  of a boundary, based upon behav io ra l  c h a r a c t e r i s t i c s ,  
between t h e  mob i le  and network phases. 

in t ra -ne twork  cross-1 i n k i n g  i n  t h i s  coa l  invo lves  hydrogen bonding. 

humin i te  ( v i t r i n i t e )  and l i p t i n i t e  a re  p r o g r e s s i v e l y  l o s t  as r e a c t i o n  c o n d i t i o n s  
become more severe. 
i n e r t i n i t e  and h i g h - r e f l e c t i n g  v i t r o p l a s t ,  an i s o t o p i c  p i t c h - l i k e  m a t e r i a l  generated 
as a p a r t  o f  the  p r o d u c t  o f  d i s s o l u t i o n .  
components would c o n t r i b u t e  t o  t h e  decrease i n  s w e l l i n g  behav io r  o f  the  residues, i t  
appears t h a t  a l o s s  o f  hydroxy l  groups from the  humin i te  i s  a ma jor  f a c t o r  i n  t h i s  
change. 

The r e s u l t s  o f  t h e  s w e l l i n g  experiments suggest t h a t  a l a r g e  p r o p o r t i o n  o f  the 

Petrographic examinat ion  and po in t -count  a n a l y s i s  o f  t h e  res idues  shows t h a t  

T h i s  t r e n d  i s  accompanied by increases i n  the  propor t ions  o f  

Al though an inc rease i n  these l a t t e r  

' I  
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TABLE 1 
Coal Proper t ies  

Penn Sta te  Sample Bank No. 

Seam - Anderson 
county - Campbell Co. 
S t a t e  - Wyoming 
Prov ince  - Northern Great P la ins  
ASTM rank c l a s s  - sub E. 
Mo is tu re  content,  % w t  (a . r . )  - 23.3 
Minera l  Matter,  % w t  d r y  coal  - 11.9* 

Elemental Composition % dmnf 
C 73.0 
tI 4.5 
G** 20.4 
N 1.2 
S 0.9 

Maceral Ana lys is  % vo l  
V i  tr i n i  t e  87 
E x i n i  t e  2 
I n e r t i n i  t e  11 

S u l f u r  Forms ( %  d r y  c o a l )  
Organic 1.2 
P y r i t i c  c.3 
S u l f a t e  0.05 

Tota l  1.55 

*Reported as ASTM "Ash" 
**By D i f f e r e n c e  

TABLE 2 

Pet rograph ic  Analyses o f  Chloroform-insoluble Residues 

Temperature Time Unreacted Unreacted Unreacted High-Ref lect ing 
"C min. Y i e l d  Huminite, % L i p t i n i t e ,  % I n e r t i n i t e ,  % V i t r o p l a s t .  % 

300 5 3.37 87 8 5 0 

300 60 6.46 86 7 7 0 

350 60 34.69 85 6 9 0 

400 15 44.47 63 0 10 27 

400 30 50.09 55 0 12 33 
400 60 60.65 41 0 8 51 
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